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Current opinion is that elevated CO2-induced changes in
phenology and canopy structure may significantly influ-
ence plant competitive interactions, and consequently
the potential for communities to respond to abiotic
stress. This was investigated in a South African C4-dom-
inated grassland community exposed to elevated
atmospheric CO2 in a three-year microcosm experiment.
Elevated CO2 generally caused earlier sprouting and
flowering by one to one and half weeks, and delayed
senescence by two weeks. However the magnitude of
these phenological responses was species specific,
and sometimes dependent on water supply. Effects of
elevated CO2 on canopy structure were most apparent
in upper canopy layers at heights of between 20–40cm
and 40–60cm above ground where higher leaf biomass-
es were produced than in those microcosm communi-
ties grown under ambient atmospheric CO2. Plant
species most responsive to atmospheric CO2 enhance-
ment were Sporobolus pyramidalis and Themeda trian-
dra. It is concluded that responses of community
canopy structure to elevated CO2 may be dependent on
water supply, and that species competitive interactions
may influence community response to abiotic stress.
Aspects of plant development (Bazzaz 1990), including
seedling establishment, growth, biomass allocation, time of
flowering and senescence, have a remarkable influence on
plant competitive outcomes, because even small differences
in time of emergence among seedlings have significant con-
sequences for the ability of plants to compete with their
neighbours (Ross and Harper 1972).
Effects of elevated atmospheric CO2 on plant develop-
ment are usually manifest through modifications of leaf area
and canopy height (Taylor et al. 1994, Reekie 1996, Hartz-
Rubin and DeLucia 2001), which consequently influence
above ground competitive interactions (Gaudet and Keddy
1988, Beyschlag et al. 1990, Anten and Hirose 2001).
Growth responses to elevated CO2 may also be dependent
on other environmental factors such as variation in amount
and timing of rainfall (Knapp et al. 1993, Jackson et al. 1995,
Owensby et al. 1996, 1999).
Few reports in the literature address impacts of elevated
CO2 on vegetative phenology of wild grass species (Reekie
and Bazzaz 1991, Knapp et al. 1999, Reich et al. 2001), and
reproductive phenology of wild grass species under elevat-
ed CO2 is even more understudied (Grünzweig and Körner
2000) relative to crops (Jablonski et al. 2002). In view of this,
we examined the effects of elevated atmospheric CO2 on
canopy development and phenology of a model C4-dominat-
ed grassland community in order to determine the conse-
quences for community production and water use efficiency
in South African C4-dominated grasslands.
Materials and Methods
Microcosm species composition and treatments
Plants and soil for the microcosms were sampled from a
coastal Ngongoni C4-grassland community in southern
KwaZulu-Natal, South Africa (30°22’S 30°00’E, altitude
650m). The microcosms were established in sixteen x 37
litre capacity cylindrical PVC containers, each with a surface
area of 0.125m2 and soil depth of 0.3m, positioned in a
greenhouse. Open-top fumigation chambers (0.8m in
height) constructed of clear polycarbonate were installed
above each microcosm. Microcosm communities comprised
mixtures of six species, each species duplicated, uniformly
spaced within each microcosm. The species included the C3
grass Alloteropsis simeliata (R. Br) Hitchc. subspecies eck-
loniana, the C3 tuberous geophyte Eriospermum mackenii
(Hook. f.) Baker subspecies mackenii, and four C4 grasses
representing three different photosynthetic subtypes. The
NADP-me species were Andropogon appendiculatus Nees
and Themeda triandra Forssk. (both belong to the tribe
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Andropogoneae). The NAD-me and PCK subtypes were
represented by Eragrostis racemosa (Thumb.) Stued. and
Sporobolus pyramidalis Beauv. respectively (both belong to
the tribe Andropogoneae). Ecological significance of tribes is
that Andropogoneae tend to occur in warm and mesic habi-
tats, while Chlorideae occur in warm and dry habitats. The
C3 species belongs to the tribe Paniceae.
Experimental plant populations in the microcosms were
allowed to settle for four months (April 1998 to July 1998),
after which all plants were clipped to a height of 5cm prior to
commencement of treatments, which were initiated on the
1st August of each year of the 3-year study.
The randomised experimental design comprised ambient
and elevated atmospheric CO2 treatments combined with
high and low watering treatments. Each of the four treatment
combinations was replicated four times. Ambient air (approx-
imately 380µmol mol–1 CO2) was drawn from outside the
greenhouse and circulated inside the open top chambers
with fans. In the elevated atmospheric CO2 treatments, the
ambient air was enriched with pure CO2 to obtain a concen-
tration of 750µmol mol–1 CO2 as measured with an infrared
gas analyser (Li-Cor 6262). Watering treatments were based
on 50-year (1936–1990) monthly average rainfall data from
the Eureka weather station (30°43’S 30°01’E) located 5km
from the Ngongoni field site. During the first year of study,
the high watering treatment simulated the mean annual rain-
fall (MAR) of 736mm at the Ngongoni site and the low water-
ing treatment a 20% reduction in the MAR (a figure close to
the average rainfall of dry years). Application of water treat-
ments followed a stochastic design. In the second year,
water supply for the low and high treatments was 100% and
120% MAR at alternating intervals of three to four days (reg-
ular application twice weekly). In the third year, water treat-
ments of the second year were swapped and application
was regular.
Phenology and canopy structure
Time of sprouting and flowering were recorded as days
elapsed from commencement of treatments, and canopy
senescence was observed qualitatively from commence-
ment of treatments. Measurements were conducted at alter-
nating intervals of three to four days (twice weekly) on each
plant. Sprouting was defined as the developmental stage
when three of more leaves measuring 5cm or greater in
length had emerged from any tiller. The emergence of floral
parts was indicated by rapid elongation of the upper intern-
odes of the flower stalk plus attached leaf sheaths.
Senescence was defined as a loss of greenness in 50% or
more of above ground plant tissues. The extent of senes-
cence at harvest was qualitatively estimated as the propor-
tion of dead (brown) to live (green) leaf tissue.
Canopy structure was quantified from the distribution of
leaf biomass within the canopy using a technique of strati-
fied harvesting. At the end of each season, plant material
was harvested from 20cm deep stratified layers commenc-
ing at the canopy apex and terminating at the canopy base
where a 5cm high stubble layer was left for subsequent sea-
son re-growth. The plant material harvested from each strat-
ified layer was sorted into leaves, stems and reproductive
parts, dried at 60°C in a forced draft oven to a constant mass
and weighed.
Statistical analysis
A multiple factorial analysis of variance tested for differences
in sprouting and flowering times, and differences in canopy
structure between atmospheric CO2 and watering treat-
ments, tribe, year of study, and layer in the case of canopy
biomass and their interactions. Significantly different treat-
ment means were separated using a Duncans Multiple
Range test.
Results
Sprouting started 17 days after commencement of treatment
(Figure 1a–c), and the order of species response was:
Themeda > Eragrostis > Sporobolus > Alloteropsis >
Andropogon. Time to sprouting was significantly (P ≤ 0.01)
reduced under elevated CO2 and under the high watering
treatment (Table 1, Figure 1). Sprouting response differed
significantly (P ≤ 0.001) among tribes and years of study
(Table 1). Significant (P ≤ 0.01) two-way interaction of water-
ing treatment and year of study (Table 1) resulted in a short-
er time to sprouting under the higher watering treatment in
the first and second years of study, relative to the third year
(Figure 1). Significant (P ≤ 0.01) three-way interaction of
CO2, watering treatment and year of study (Table 1), sug-
gested marked differences under elevated CO2, among
watering treatments over the three years of study.
Flowering took place 75 days after application of treat-
ments (Figure 2a–c). Time to flowering was not significantly
(P ≥ 0.05) influenced by the main effects of CO2, watering
treatments and year of study (Table 1). However, time to
flowering differed significantly (P ≤ 0.01) among tribes.
Themeda, a representative of Andropogoneae, flowered
earlier relative to the average time to flowering of the
Chlorideae (Eragrostis and Sporobolus) (Figure 2a–c). Two-
way interactions and three way interactions were not statis-
tically (P ≥ 0.05) significant (Table 1). Despite lack of statis-
tical significance (Table 1), time to flowering was reduced
under elevated CO2 for Themeda and Sporobolus, while
time to flowering was reduced under ambient CO2 in
Eragrostis (Figure 2a–c). Higher watering treatments
caused a reduction in time to flowering in Themeda during
the first and second years of study, and in Sporobolus dur-
ing the first year of study. On the other hand, higher water-
ing treatments slightly increased time to flowering in the
Themeda and Sporobolus in the third year of study.
Qualitative observations during the growing season indi-
cated a two-week delay in senescence in microcosms
exposed to elevated CO2. However, there was insufficient
evidence to attribute the delay in senescence (longer grow-
ing season) to a response of time to sprouting.
Response of canopy biomass differed significantly (P ≤
0.001) among tribes, canopy layers and years of study, but
not among CO2 and watering treatments (Table 1).
Measured canopy biomass’s are presented in Table 2 only
for significant main effects, two-way and three-way interac-
tions specified in Table 1. Lower biomass production was
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apparent in the C3 species (Paniceae) relative to the C4
Andropogoneae and Chlorideae. The trend in canopy bio-
mass over years of study showed an initial 17% increase
from first to second year, followed by a 24% decrease from
second to third year. The significant two-way interaction (P
≤ 0.001) between tribe and canopy layer (Table 1) was
characterised by a progressive reduction in biomass alloca-
tion from the bottom layer of the canopy (<20cm) through to
the top layer of the canopy (>60cm) in the Paniceae and the
Chlorideae (Table 2). In the Andropogoneae however, bio-
mass allocation in the two bottom layers was similar, but
reduced progressively in the top two layers. A significant (P
≤ 0.001) two-way interaction between tribe and year of
study (Table 1) was characterised by biomass production
that was progressively reduced from the first to the third
year of study in the Paniceae (Table 2). Differences
between years of study were not marked in the
Andropogoneae (Table 2), and in the Chlorideae biomass
production was reduced in the third year of study relative to
the first and second years.
Discussion
The study has successfully characterised the effect of ele-
vated CO2 on canopy development (sprouting and flowering)
and canopy structure (leaf distribution with height) of the C4-
dominated microcosm community. Generally, elevated CO2
treatment caused early sprouting, even though the respons-
es were species specific (Figure 1a–c), and sometimes
dependent on water supply. Sprouting responses by tribe
suggest that Andropogoneae sprout earlier followed by the
Chlorideae and lastly the Paniceae. However, over the
years, time to sprouting became less pronounced. Main
effects of CO2, watering, and year of study did not have a
statistically significant effect on time to flowering, but signifi-
cant differences among tribes were apparent. Effect of ele-
vated CO2 on canopy structure was most apparent in upper
canopy layers (40–60cm and above 60cm), greater leaf bio-
mass being produced in elevated CO2 relative to ambient
CO2 in these layers. Response of community canopy was
not dependent on water supply as shown by a lack of treat-
ment interaction between watering treatment and other fac-
tors that influenced biomass production.
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Figure 1: Treatment effects on time to sprouting of the grass species over three years of study, numbered a–c from year one to year three
respectively
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Extrapolation of the sprouting data to field conditions sug-
gests that future scenarios of high atmospheric CO2 will
cause a change in sprouting phenology at the Ngongoni
grassland community, because at the field site, the C4 grass
species Themeda and Eragrostis showed mid- to late-sea-
son post-burn growth, while the Alloteropsis (C3) and
Andropogon (C4) showed early post-burn growth (Wand et
al. 2002). Even though observations of Wand et al. (2002)
on sprouting trends at the field site were made after an
annual burn, while sprouting responses reported in this
study occurred subsequent to end of season clipping and
removal of litter, experimental evidence (Hulbert 1988) sug-
gests that clipping and removal of litter can result in respons-
es similar to those following fire. Therefore the observed
results on sprouting are of interest because they are in con-
tradiction with sprouting phenology of mixed grasslands,
where cool-season C3 grass species sprout earlier than
warm-season C4 grass species. It may be argued that the
result is indicative of a response to greenhouse conditions,
especially less extreme night time temperature causing C4
species to sprout earlier, but, even in the greenhouse, ele-
vated CO2 had a significant effect.
Differences in time to sprouting were significantly different
among years of study. In the first year there was a difference
of approximately five days between the earliest (Themeda)
and last (Andropogon) recorded sprouting event (Figure 2a).
In the second and third years (Figure 2b and c), a similar
magnitude of difference between the earliest and last
recorded dates of sprouting was observed. From the sprout-
ing data alone, it is not easy to say if the observed intervals
between dates of sprouting have any likely consequence for
length of growing season. Length of growing season was
assessed by time of loss of greenness. Qualitative observa-
tions made during each growing season indicate a two to
three weeks delay in senescence in microcosms exposed to
elevated CO2, but still there is insufficient evidence to attrib-
ute the delay in senescence (longer growing season) to time
of sprouting. Delayed senescence in response to elevated
CO2 has been reported in other grassland systems (Ham et
al. 1995, Drake et al. 1996, Knapp et al. 1999), with impor-
tant implication for increased production. However, there
could be potentially negative impacts on diversity if a subset
of species benefits from delayed senescence.
Grass species maintain their populations by both vegeta-
tive and sexual reproduction, and vegetative reproduction is
the dominant form of growth in semiarid and mesic African
grasslands (Belsky 1992). The benefit of sexual reproduc-
tion is maintenance of genetic diversity. In this study, the
objective of assessing flowering response to treatments was
to understand phenological development, and possibly its
implications for ecological changes in the community. Only
three of five grass species flowered (Figure 2a–c), and the
result suggests that grass species that tend not to produce
reproductive shoots under elevated CO2, such as
Table 1: F-ratios from a multiple factorial analysis of variance that tested differences in time to sprouting, time to flowering, and canopy struc-
ture due to CO2 and watering treatments, tribe, year of study, canopy layers and their interactions. Asterisks indicate statistically significant
differences at * P ≤ 0.05, ** P ≤ 0.01, and *** P ≤ 0.001. Subscripts to the F-ratios indicate error and residual degrees of freedom
Analysis of Variance Time to sprouting (days) Time to flowering (days) Biomass production by layer (g)
Main Effects
Atmospheric CO2 F1,6 = 43.6*** F1,6 = 0.6 F1,6 = 3.3
Watering treatment F1,3 = 10.2** F1,3 = 0.7 F1,3 = 0.5
Canopy Layer – – F3,567 = 68.7***
Tribe F2,417 = 34.2*** F1,101 = 9.1** F2,567 = 42.6***
Year of study F2,417 = 94.7*** F2,101 = 0.3 F2,567 = 8.2***
2-way interactions
CO2 x Watering treatment F1,417 = 1.2 F1,101 = 0.9 F1,567 = 0.3
CO2 x Canopy layer – – F3,557 = 0.5
CO2 x Tribe F2,417 = 0.9 F1,101 = 1.4 F2,567 = 1.1
CO2 x Year of study F2,417 = 0.4 F2,101 = 0.04 F2,567 = 0.5
Watering treatment x Canopy layer – – F3,567 = 0.1
Watering treatment x Tribe F2,417 = 0.4 F1,101 = 0.09 F2,577 = 0.01
Watering treatment x Year of study F2,417 = 6.9** F2,101 = 1.1 F2,567 = 0.5
Layer x Tribe – – F5,567 = 7.2***
Layer x Year of study – – F6,567 = 0.6
Tribe x Year of study F6,417 = 1.2 F2,101 = 0.02 F4,557 = 6.5***
3-way interactions
CO2 x Watering treatment x Canopy layer – – F3,567 = 0.3
CO2 x Watering treatment x Tribe F2,417 = 0.1 F1,101 = 0.2 F2,567 = 0.5
CO2 x Watering treatment x Year of study F2,417 = 5.1** F2,101 = 0.01 F2,567 = 0.6
CO2 x Canopy layer x Tribe – – F5,567 = 0.2
CO2 x Canopy layer x Year of study – – F6,567 = 0.2
CO2 x Tribe x Year of study F4,417 = 0.1 F2,101 = 0.1 F4,567 = 0.9
Watering treatment x Canopy layer x Tribe – – F5,567 = 0.2
Watering treatment x Canopy layer x Year of study – – F6,567 = 1.0
Watering treatment x Tribe x Year of study F4,417 = 0.3 F2,101 = 0.5 F4,567 = 0.4
Layer x Tribe x Year of study – – F8,567 = 0.6
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Alloteropsis and Andropogon, may be under the risk of not
maintaining genetic diversity. In South Africa, Themeda is
already over-utilised, and consistent production of reproduc-
tive shoots under future scenarios of elevated CO2 may help
to achieve its regeneration potential. The other two grasses
Eragrostis and Sporobolus, which showed significant flower-
ing response under elevated CO2 also stand a good chance
of regenerating their populations as atmospheric CO2
increases. Seeds from different generations were not col-
lected, hence inter-generational effects of elevated CO2
were not studied. Some of the reported inter-generation
effects of elevated CO2 in grasses include increased tillering
and biomass production from first to second generation
(Bezemer et al. 1998).
Treatment effect on reproduction phenology was
assessed by noting time of flowering. Flowering is mainly
controlled by photoperiod, but it can also be altered by other
environmental variables such as precipitation and tempera-
ture. Anthesis occurred at mid-canopy development, and
Eragrostis was the first species to produce open flowers,
about 75 days after application of treatment, even though
effect of CO2 treatment was not statistically significant.
However, Eragrostis is a species of short stature, and per-
haps early flowering might be an important mechanism for
achieving reproductive development prior to canopy closure.
The effect of canopy closure on reproduction phenology may
be on the probability of wind-borne pollen successfully
reaching the stigma. Themeda started flowering at mid-
canopy also, at 82 days after application of treatments under
elevated CO2 + MAR, and flowering occurred about 10 days
later in other treatments. Sporobolus flowered towards the
end of mid-canopy at 108 days under elevated CO2 + MAR,
and about 12 days later in other treatments. The above
trends in response to treatments were similar for all three
seasons, but there was a general delay in seasons two and
three.
Responses of canopy structure to elevated CO2 treatment
were characterised by a higher production of community leaf
biomass in upper canopy layers (height of about 40cm and
above). Among the taller grasses, Sporobolus and Themeda
were most responsive to elevated CO2 + MAR, and their
respective leaf biomass in the 40–60cm layer was equiva-
lent to 50% of their leaf biomass in the dense basal layers
(5–20cm or 20–40cm), while contributions from Alloteropsis
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Figure 2: Treatment effects on time to flowering of the grass species over three years of study, numbered a–c from year one to year three
respectively
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and Andropogon in the 40–60cm layer were each no more
than 10–15% of their respective contributions in the dense
basal layers (5–20cm or 20–40cm).
The observed high contribution of leaf biomass production
within the upper canopy layers (above 40cm height) by
Sporobolus and Themeda demonstrates that a tall stature is
an important adaptation for persistence in competitive and
productive grasslands, owing to reductions in light with
canopy depth. But on the other hand, grass species that
respond to elevated CO2 by increase in height may be more
susceptible to defoliation than species that retain a short
stature such as Eragrostis. Response of the vertical struc-
ture of Alloteropsis and Andropogon showed no tendency
towards tall stature, unlike their natural appearance in the
field. Elevated CO2 generally caused an increase in canopy
height in Sporobolus and Themeda during the first two years
of study, but subsequently leaf biomass was reduced
throughout the canopy in the third year, thus benefiting short
stature Eragrotis whose leaf biomass increased. Also, a
change in dominance of contribution to leaf biomass was
observed in the third season relative to previous seasons.
The highest contribution of Themeda in all treatments
occurred in the 20–40cm layer, and only under watering
treatment of 120% MAR in the layers above 40cm. Gain in
dominance of Themeda over Sporobolus however, did not
make up for reduction in canopy leaf biomass that accom-
panied loss in dominance by Sporobolus.
Structural dynamics in the bottom layers of the canopy
included a dense presence of leaf biomass in the bottom lay-
ers below 40cm in the first and second years, and in the third
year the most dense part of the canopy was at 20cm and
below. Lack of statistical significance of treatment effects
(CO2 and water treatments or their interaction) on the
amount of leaf biomass in the basal layer of the canopy sug-
gests that important functional processes that are success-
fully maintained by dense lower canopy may not be altered
by elevated CO2. Ecosystem benefits of a dense basal layer
of a grass canopy include reduced evaporation loss and
increased infiltration, thus improving soil water status.
However, a drawback is that if a dense basal cover persists
unmanaged by defoliation or fire, it may impede tiller initia-
tion of grass species that cannot tolerate shading (Everson
et al. 1988), and perhaps subsequently induce conditions
that are suitable for invasion by woody elements.
From the collated data, it appears that, firstly canopy
development (sprouting and flowering) may be advanced
under future scenarios of high atmospheric CO2, and that
the Andropogoneae may be more responsive than the
Chlorideae and Paniceae. Secondly, responses to elevated
CO2 may be dependent on water supply at the community
level but may not always be dependent on water supply at
species level. Thirdly, trends in species competitive interac-
tions under elevated CO2 may influence canopy structure
through the response of biomass production at community
level.
Acknowledgements — Dr Charles Musil for comments on the man-
uscript and input on statistical analyses.
References
Anten NPR, Hirose T (2001) Limitations on photosynthesis of com-
peting individuals in stands and the consequences for canopy
structure. Oecologia 129: 186–196
Bazzaz FA (1990) The response of natural ecosystems to the rising
global CO2 levels. Annual Review of Ecology and Systematics 21:
167–196
Belsky AJ (1992) Effects of grazing competition, disturbance and
fire on species composition and diversity in grassland communi-
ties. Journal of Vegetation Science 3: 187–200
Beyschlag W, Barnes PW, Ryel R, Caldwell MM, Flint SD (1990)
Plant competition for light analysed with a multispecies canopy
model. II. Influence of photosynthetic characteristics on mixtures
of wheat and wild oat. Oecologia 2: 374–380
Bezemer TM, Thompson LJ, Jones TH (1998) Poa annua shows
inter-generational differences in response to elevated CO2.
Global Change Biology 4: 687–691
Drake BG, Peresta G, Beugeling E, Matamala R (1996) Long-term
elevated CO2 exposure in a Cheasepeake Bay wetland: ecosys-
tem gas exchange, primary production, and tissue nitrogen. In:
Table 2: Means ± standard errors for measured biomass in differ-
ent canopy layers of different grass tribes in different study years
and their significant (* P ≤ 0.05) two-way and three-way interactions
specified in Table 1
Parameter Mean canopy biomass by layer (g)
Mean ± standard error
Main effects
Tribe
Andropogoneae 3.65 ± 0.2
Paniceae 1.78 ± 0.17
Chlorideae 4.09 ± 0.22
Year of study
Year 1 3.51 ± 0.16
Year 2 4.09 ± 0.29
Year 3 3.07 ± 0.24
Canopy layer
<20cm 5.18 ± 0.22
40cm 3.52 ± 0.25
60cm 1.93 ± 0.19
>60cm 1.07 ± 0.15
Two-way interactions
Tribe x year of study
Andropogoneae x Year 1 3.27 ± 0.21
Andropogoneae x Year 2 3.93 ± 0.44
Andropogoneae x Year 3 3.81 ± 0.37
Paniceae x Year 1 2.76 ± 0.29
Paniceae x Year 2 1.57 ± 0.19
Paniceae x Year 3 0.63 ± 0.13
Chlorideae x Year 1 4.15 ± 0.3
Chlorideae x Year 2 5.09 ± 0.46
Chlorideae x Year 3 3.06 ± 0.37
Tribe x layer
Andropogoneae x <20cm 4.84 ± 0.24
Andropogoneae x 40cm 4.75 ± 0.45
Andropogoneae x 60cm 1.84 ± 0.26 
Andropogoneae x >60cm 0.72 ± 0.16
Paniceae x <20cm 2.45 ± 0.26
Paniceae x 40cm 1.31 ± 0.2
Paniceae x 60cm 0.46 ± 0.1
Chlorideae x <20cm 6.86 ± 0.39
Chlorideae x 40cm 3.2 ± 0.32
Chlorideae x 60cm 2.37 ± 0.29
Chlorideae x >60cm 1.29 ± 0.22
South African Journal of Botany 2004, 70: 797–803 803
Koch GW, Mooney HA (eds) Carbon Dioxide and Terrestrial
Ecosystems. Academic Press, San Diego, pp 197–214
Everson CS, Everson TM, Tainton NM (1988) Effects of intensity
and height of shading on the tiller initiation of six grass species
from the Highland sourveld of Natal. South African Journal of
Botany 54: 315–318
Gaudet CL, Keddy PA (1988) A comparative approach to predicting
competitive ability from plant traits. Nature 334: 242–243
Grünzweig JM, Körner C (2000) Growth and reproductive respons-
es to elevated CO2 in wild cereals of the northern Negev of Israel.
Global Change Biology 6: 631–638
Ham JM, Owensby CE, Coyne PI, Bremer DJ (1995) Fluxes of CO2
and water vapour form a prairie ecosystem exposed to ambient
and elevated atmospheric CO2. Agricultural and Forest
Meteorology 77: 73–93
Hartz-Rubin JS, DeLucia EH (2001) Canopy development of a
model herbaceous community exposed to elevated atmospheric
CO2 and soil nutrients. Physiologia Plantarum 113: 258–266
Hulbert LC (1988) Causes of fire effects in tallgrass prairie. Ecology
69: 46–58
Jablonski LM, Wang X, Curtis PS (2002) Plant reproduction under
elevated CO2 conditions: a meta-analysis of reports on 79 crops
and wild species. New Phytologist 156: 9–26
Jackson RB, Lou Y, Gardon ZG, Sala OE, Field CB, Mooney HA
(1995) Photosynthesis, growth and density for the dominant
species in a CO2-enriched grassland. Journal of Biogeography
22: 221–225
Knapp AK, Bargmann N, Maragni LA, McAllister CA, Bremmer DJ,
Ham JM, Owensby CE (1999) Elevated CO2 and leaf longevity in
the C4-grassland dominant Andropogon geradii. International
Journal of Plant Sciences 160: 1057–1061
Knapp AK, Hamerlynck EP, Owensby CE (1993) Photosynthetic and
water relations responses to elevated CO2 in the C4 grass
Andropogon geradii. International Journal of Plant Science 154:
459–466
Owensby CE, Ham JM, Knapp AK, Auen LM (1999) Biomass pro-
duction and species composition change in a tallgrass prairie
ecosystem after long-term exposure to elevated atmospheric car-
bon dioxide. Global Change Biology 5: 497–506
Owensby CE, Ham JM, Knapp AK, Rice CW, Coyne PI, Auen LM
(1996) Ecosystem-level responses of tallgrass prairie to elevated
CO2. In: Koch GW, Mooney HA (eds) Carbon Dioxide and
Terrestrial Ecosystems. Academic Press, San Diego, pp 147–162
Reekie EG (1996) The effect of elevated CO2 on developmental
processes and its implications for plant-plant interactions. In:
Körner C, Bazzaz FA (eds) Carbon dioxide, Populations and
Communitie. Academic Press, San Diego, pp 333–346
Reekie EG, Bazzaz FA (1991) Phenology and growth in four annual
species grown in ambient and elevated CO2. Canadian Journal of
Botany 69: 2475–2481
Reich PB, Tilman D, Craine J, Ellsworth D, Tjoelker MG, Knops J,
Wedin D, Naeem S, Bahauddin D, Goth J, Bengtson W, Lee TA
(2001) Do species and functional groups differ in acquisition and
use of C, N and water under varying atmospheric CO2 and N
availability regimes? A field test with 16 grassland species. New
Phytologist 150: 435–448
Ross MA, Harper JL (1972) Occupation of biological space during
seedling establishment. Journal of Ecology 60: 77–88
Taylor G, Ranasinghe S, Bosac C, Gardener SDI, Ferris R (1994)
Elevated CO2 and plant growth: cellular mechanisms and
responses of whole plants. Journal of Experimental Botany 45:
1761–1774
Wand SJE, Midgley GF, Stock WD (2002) Response to elevated
CO2 from a natural spring in a C4-dominated grassland depends
on seasonal phenology. African Journal of Range and Forage
Science 19: 81–91
Edited by CF Musil
